By analogy with natural ecosystems, an industrial ecology system, in addition to minimizing waste production in processes, would maximize the economical use of waste materials and of products at the ends of their lives as inputs to other processes and industries. This possibility can be made real only if a number of potential problems can be solved. These include the design of wastes along with the design of products and processes, the economics of such a system, the internalizing of the costs of waste disposal to the design and choice of processes and products, the effects of regulations intended for other purposes, and problems of responsibility and liability. The various stakeholders in making the effects of industry on the environment more benign will need to adopt some new behaviors if the possibility is to become real.
The idea of industrial ecology has been evolving for several decades. For me the idea began in Nairobi with discussions at the United Nations Environment Programme (UNEP), where we were concerned with problems of waste, with the value of materials, and with the control of pollution. At the same time, we were discussing the natural world and the nature of biological and ecological systems. There was a natural ferment of thinking about the human world, its industries, and its waste products and problems and about the coupling of the human world with the rest of the natural world.
In August of 1988, the National Academy of Engineering organized a workshop on technology and the environment (1) . A group of us, industrial people, academics, and environmentalists, discussed the industrial production of waste, its coupling to the natural environment, and what could be done about it. I was particularly taken with a paper on "Industrial Metabolism," in which Robert U. Ayres traced the pathways of some materials and their transformations through industry and through society. A number of other papers at the meeting dealt with various aspects of the same problem: dematerialization, the "end of pipe" syndrome, and the necessity for considering ultimate waste and disposal as part of process design.
With this background, when writing an article for Scientific American, Nicholas Gallopoulos and I found ourselves falling naturally into use of the term "industrial ecosystem," thinking of industry as heavily analogous to the behavior of the natural world with regard to the use of materials and energy (2) . We later found ourselves automatically entitling a talk before the United Kingdom Fellowship of Engineering: "Towards An Industrial Ecology," because the ideas had continued to ferment and the ecological analogy seemed natural (3) .
The idea of an industrial ecology is based upon a straightforward analogy with natural ecological systems. In nature an ecological system operates through a web of connections in which organisms live and consume each other and each other's waste. The system has evolved so that the characteristic of communities of living organisms seems to be that nothing that contains available energy or useful material will be lost. There will evolve some organism that will manage to make its living by dealing with any waste product that provides available energy or usable material. Ecologists talk of a food web: an interconnection of uses of both organisms and their wastes. In the industrial context we may think of this as being use of products and waste products. The system structure of a natural ecology and the structure of an industrial system, or an economic system, are extremely similar. This may be a somewhat trivial and banal idea, but when consciously addressed it can help us to discover extremely useful directions in which the industrial system might develop.
The ecological analogy is somewhat beyond the metabolic analogy in the sense of carrying the analogy to another level. I think of the organism as being the industrial process or the set of industrial processes that leads to a particular product or product family and of the ecology as being the network of all industrial processes as they may interact with each other and live offeach other, notjust in the economic sense but also in the sense of the direct use of each other's material and energy wastes and products. What we have generally neglected to do is to integrate the waste fully into the web of industrial relationships. Waste has not really been totally neglected, but it has not been fully integrated into the interacting industrial system. We must include wastes and products at the end of their lives in the industrial food web both as material and as energy.
We need to think of wastes not only as outputs to be prevented by proper choice but also as part of the industrial process product stream that is to be designed. We can think ofthe waste and ofthe products at the end oftheir useful lives not just as things to be gotten rid of but as part of the useful product stream (provided one can become acquainted with somebody who needs that particular kind of waste product) in order to construct an input to some other industrial process. To some degree this has always happened; there is a lot of use of waste material, but it has mostly happened by accident or in fairly isolated cases. (I remember, though, that one of the meat-packing companies had as one of its mottos: "We use everything from the pig but the squeal!") Some companies have looked for and found opportunities for particular waste streams, and some wastes are routinely brokered, bought and sold, or handled by waste exchanges, but in general these may be described as islands of exception.
For example, it is common that the wastes from the acid "pickling" of steel are used as materials for water treatment, and are sold in the chemicals market. These wastes are the cheapest source of ferrous sulfate and ferrous chloride.
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We need some systematic adoption of these ideas so that it becomes the normal practice to use them in choosing and designing processes not only to minimize waste but also to think of waste and exhausted or discarded products as outputs designed to be used as inputs elsewhere in the industrial system. We need to think of wastes from other processes and producers and of exhausted or discarded products as potential inputs when new processes and industrial systems are being chosen and designed.
The preceding remarks lead to some problems and questions for the industrial world. Those of us who are in the industrial business and deal with such matters are now saying to ourselves: "Well, that's another painful constraint on a very difficult problem. It is already difficult enough to design processes and products; if we now try to design the waste streams both as input and output as well, it will be another painful complication in an already complicated problem." (However, there is something to be said about the potential economic benefits of these possibilities, to which point I will return later.) We now have a new and larger-scale system optimization problem: not just the problems of balancing the cost of product and process choice and of looking for markets and suppliers in the normal sense but also of seeking to incorporate the problems of waste disposal, material recycling, and product end-of-life recycling into the whole process.
This new optimization problem poses a new set of questions about the cost optimization of industrial processes. For example, there is a cost to shifting a process in the direction of preventing a particular waste stream. Separately there might be a different cost if one were to change or adjust processes not to prevent the waste but to change its nature, so that it becomes a more valuable "waste" when seen as an input for some other process somewhere else. These are two potential engineering and cost-optimization possibilities, and presumably they can enter the trade-off thinking in designing the manufacturing system in the same manner as other possibilities. We would expand the concept of the product of the manufacturing system to include the waste and would design the waste for its value along with the design of the product in the normal sense.
( Plastics have begun to be an interesting example of this. They are extremely difficult to recycle into direct uses largely because they turn up in products mixed together and are not identified as to chemical type. The various chemical types require different kinds of treatment for reuse, so they can be very difficult to recycle when mixed, although new methods are continually being found. In a plant, it is frequently possible to reuse the plant waste if it is a reusable material because you know exactly what it is.
Plastics are not easily reusable for anything that is involved with food because they generally do not survive good sterilization temperatures without severe degradation. Plastic food containers tend to be recycled down the industrial food chain and go into pipe and more and more degraded and lower quality uses, eventually being useful presumably only for their embodied energy as fuel.
The iron case is probably the most elaborated of all the material cycles. It exhibits some interesting examples of shifts in recycling as technology changed. When there was a shift from the open-hearth process to the basic oxygen process, which took place because the basic oxygen process is more efficient in a number of ways, the amount of scrap that could be disposed of by remelting decreased drastically because the basic oxygen process can use much less scrap than an open hearth. When there was a further shift to the electric furnace, which uses scrap almost exclusively, there was a shift to more use of scrap, but the balance in industry use between open-hearth, basic oxygen, and electric-furnace processes was such that in the end we ended up with more unused scrap in the basic iron business than was the case in the open-hearth days.
The tale of some of the industrial uses of iron is, of course, the same as in plastics: offal and iron and steel waste can be used directly by the industry that produces it. General Motors buys steel as sheet steel only; all of our iron castings are made from a mixture of the scrap cuttings from making the sheet steel parts plus some reuse of old engine blocks. We buy no steel or iron for the foundries except scrap, and it is mostly our own internally generated scrap.
The platinum group of noble metals is yet another interesting example. They used to be completely recycled because the only use for the platinum group metals was for some scientific and other instruments and jewelry. The value was high, the reprocessing was easy, and the collection of the material in pure form from private hands was so straightforward that it was always possible to obtain easily reusable metal. dispersed wastes, particularly when they appear in the form of products at the end of their lives, may be challenging because these wastes may be dispersed very widely geographically, and collection, transportation, and separation costs may be nontrivial. There are, of course, the problems of process compatibilities for new types of input materials (metals may be in the wrong valence form, for example). New processes or variations on old processes may have to be devised if waste materials are to be used as process inputs.
Problems also arise from statutes and regulations that may not be appropriate to new waste-utilization opportunities. We have all heard tales of possible uses of hazardous waste materials as inputs to other processes that were impossible to realize because the would-be user and would-be supplier could not solve the problem of getting transportation permits to get the material from the place where it was generated to the place where it could be used. This seems rather foolish, since a transportation permit to some place is likely to be required for either destruction or disposal. Refusal to permit transport results in generating a hazardous waste-transportation problem and a hazardous waste-disposal problem, instead of generating only a hazardous waste-transport problem, with disposal of the material being an economical input to an industrial process. This is not an argument for no regulation of hazardous or troublesome materials but rather is an argument for regulation appropriate to the problem: regulation that will encourage reuse and recycling in an industrial ecology rather than regulation that turns out to interfere with sensible solutions. An industrial ecology point of view will require that we rethink how we want to regulate waste materials of all kinds.
There are also potential problems arising from liability and responsibility in the transfer of regulated wastes. A generator of a regulated waste may be reluctant to put it in the hands of a broker or waste exchange or even to sell it to a user if the responsibility for ultimate disposal by reuse, destruction in the course of process use, or ultimate disposal cannot also be transferred. It may not be satisfactory to be able only to rent out the use of the material to a sequence of industrial users if the ultimate responsibility cannot be transferred with the material. This problem is already hampering the brokered exchange of some types of waste materials. General Motors is sometimes reluctant or refuses to transfer regulated waste to brokers, waste exchanges, or potential users because it cannot get rid of the legal responsibility for the material and is not sure it can trust the downstream users. We need some new thinking about law and regulation in this area.
The problem that has been outlined is dominated by its intricacy-by its glittering complexity. How can we somehow encourage the growth of the web of interactions of waste production and waste use, as well as waste prevention and some inevitable disposal, to grow into a better integrated and a more elaborated system, with more waste being prevented and with more being cycled through the industrial web and thus with less of it appearing at the end of the industrial system to become a disposal and an environmental problem?
It is known in a number of ecological systems that if a certain system component, an organism, disappears, the entire nature of the system changes, and other organisms may vanish as well, even though their connection with the originally disappearing organism is very indirect and far from obvious. This appears to be the case with predatory fish in lakes and ponds; the absence of a predator can make the whole pond "sick." Sometimes one can correct the problem in such a system by specifically introducing a species that will fill the particular place in the system web. We might consider the problem of "stocking" the industrial pond to make other parts of the web of material cycling operate correctly. Economists will say that this will happen naturally if the values, the costs, and the profits to be made are correct. However, this does not necessarily happen automatically in the natural ecology case, and we might have to stimulate the invention and stocking of some new industrial organisms into the industrial ecology for the purpose of getting a better or preferred balance in the system. Perhaps simply providing public information on the business opportunities available in such cases might do the trick, or perhaps special economic measures might be required for startup.
The problem of cost has been much studied in its system aspects by both ecologists and economists, but the problem of internalizing the costs of handling external wastes, and particularly the problem of internalizing societally diffused costs into the internal cost management systems of industrial enterprises, has not really been solved. In industry, senior managers are conscious that we are paying for waste disposal and transportation and for the more subtle societal costs, even when we have not been directly charged for them. We are paying for these things in direct charges, in taxes, and in loss of public amenities. There is an opportunity for cost minimization within the enterprise if we can figure out a reasonable way to take those costs and reflect them back into the process.
Our product and process design engineers and operating managers are not usually in a position to do a sensible job of incorporating waste questions and environmental questions in their designs or their operations. They have no idea where or what the costs are that they are either avoiding or including by the nature of the design and the manner of operation. The nature of our standard accounting systems is such that those costs appear very far away in the bookkeeping; nowhere in the system do you find out how to attribute such an external cost to a particular design or operating decision. (An engineer who chooses a cadmium-coated fastener may do so in preference to a fastener without the cadmium material coating because the alternative fastener costs more; the price of the cadmium coating as it appears to the engineer does not include the cost of disposal of contaminated plant waste and certainly not the societal cost of final disposal of the bolt when the car is junked.) We sometimes affect such issues artificially by making a manager responsible for solving relevant in-plant problems or by forbidding the use of some materials totally (in effect, by regulation), but the plant operators and design engineers are usually unaware of many external costs as part of their usual management information. A part designer has no way of knowing the effects of design choices and alternatives on such external costs. We need some new internal accounting and bookkeeping methods so that we can understand what it is we are paying for in the total system and to be able automatically to take these costs into account in our design and management trade-off decisions.
This raises the question of how we can get to such an industrial ecology system without using some massive central planning process in which we pretend to design the industrial system from the top down. We have to avoid any temptation to proceed in that direction because it is so clearly not possible and will lead to failure. (I find it curious that after 70 years, when the Eastern Bloc has finally decided that they do not really know how to plan and manage a central economy, most large United States industrial enterprises are beginning to pretend that they do know how to do strategic central planning.) In any case, we do not want to move in the direction of so carefully planned and tightly integrated an industrial system that it becomes fragile because each part is too tightly coupled to and dependent on specific other parts and their specific characteristics. We would like to continue to have a robust, flexible system. We would really like a system that would "self-organize" to accomplish waste minimization by the various methods discussed above.
We need to look for some way in which we can adopt a modest set of policy initiatives, be they economic incentives, 802 Colloquium Paper: Frosch taxes, accounting system changes, or other methods that will nudge the components of the industrial system to internalize environmental costs and the results of producing waste materials. We want to move the total system web in the direction of minimizing the production ofwaste and designing the remaining wastes so as to facilitate the trading, recycling, and reuse of wastes. We need also to find incentives for the design of products so that they are easier to reuse as input materials at the end of their useful lives. It is not clear how to do these things.
There are probably many incentive systems that would be better than direct regulation. For example, we might want to induce a differential cost between virgin materials and waste or recycled materials. It would be useful to try a good deal more brokering ofwaste. This has been tried in various places in a small way, but it is not always easy to find out what waste products are available and their precise nature. It might be useful for such information to be more easily available than it is now.
I would like to introduce a cautionary note about policy manipulation. The industrial system is strongly nonlinear; it is difficult to predict which way a particular policy change, such as a tax, is likely to move the system as it responds and adjusts to the change. Congress learns this every time it passes a tax law intended for a particular purpose and then discovers that the system does something else with it than the Congress had ever intended or even thought about. They always seem to be shocked and surprised at this, even though the first thing that every accountant and lawyer does is figure out how to make the new tax law work for their clients. It will be necessary to take an experimental attitude and see how things work before we conclude that a particular idea is a panacea. This necessity is unfortunately in conflict with the desire of everyone in business to have a stable policy framework in which to operate. Somehow we need to find a way to combine reasonable stability with the possibility of policy adjustments as we discover the real effects of the policies we try.
I would like to conclude with some advice to particular communities of stakeholders in the outcome of these problems.
Engineers, product and process designers, must take more account of waste generation and waste use and of the problems of product disposal at end of life and must consider waste minimization as part of the cost equation in designs. We need better methods for informing them of these costs at appropriate points in the design cycle.
The business community must think much more about internalizing the waste problem. That has begun to happen; we are beginning to shift from disposal to prevention. We now have to think about the problem of using each other's wastes, of designing wastes to be useful as part of designing product, and of designing product so that when it becomes waste it is easier for the industrial system to use and accept. Business methods will be needed to provide appropriate information during the design and manufacturing cycle.
Legislators, policy makers, and regulators will have to start thinking about the system and stop thinking about the problem of the month. We cannot continue to regulate this system while ignoring its system aspects.
The business and engineering schools are really going to have to start teaching environment and system in a serious way, really producing engineers and managerially and financially trained people who can think about these problems in a much broader way than they now do.
Environmental activists will have to drop their subscriptions to the "horror-of-the-month-club" and start thinking seriously about systems ecology in the natural and industrial worlds, not just talking about ecology and then acting in a nonsystems way with regard to particular items.
It would be useful if the self-appointed helpful would stop running around yelling "FIRE" on the off chance that they might find themselves in a crowded theater and start a panic.
Finally, together we must find a way to end the polarization on environmental and waste issues and find a way to bring various views together to bring a better integrated industrial ecology into being; a system that will really be able to minimize waste by both preventing and using it.
I have tried to outline some ideas about industrial ecology, to raise some issues, to pose some problems, and to suggest some possibly useful directions. We have a great deal to do, but we must remember that the time scale for cultural and system change is likely to be long. We cannot be impatient with this problem. It takes a long time to shift a gigantic social system into a useful direction, and there will be no doubt many failed experiments along the way. Insistence on no failures is also insistence on no experiments. We must begin to try.
